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Abstract 19

As the average hub height and blade diameter of new wind turbine installations continues 20

to increase, turbines typically encounter higher wind speeds, which enable them to extract large 21

amounts of energy, but they also face challenges due to the complex nature of wind flow and 22

turbulence in the planetary boundary layer (PBL).  Wind speed and turbulence can vary greatly 23

across a turbine’s rotor disk; this variability is partially due to whether the PBL is stable, neutral, 24

or convective. To assess the influence of stability on these wind characteristics, we utilize a 25

unique dataset including observations from two meteorological towers, a surface flux tower, and 26

high-resolution remote-sensing Sound Detection and Ranging (SODAR) instrument.  We 27

compare several approaches to defining atmospheric stability to the Obukhov length (L).  Typical 28

wind farm observations only allow for the calculation of a wind shear exponent (α) or horizontal 29

turbulence intensity (IU) from cup anemometers, while SODAR gives measurements at multiple 30

heights in the rotor disk of turbulence intensity (I) in the latitudinal (Iu), longitudinal (Iv), and 31

vertical (Iw) directions and turbulence kinetic energy (TKE).  Two methods for calculating 32

horizontal I from SODAR data are discussed.  SODAR stability parameters are in high 33

agreement with the more physically-robust L, with TKE exhibiting the best agreement, and show 34

promise for accurate characterizations of stability.  Vertical profiles of wind speed and 35

turbulence, which likely affect turbine power performance, are highly correlated with stability 36

regime.  At this wind farm, disregarding stability leads to over-assessments of the wind resource 37

during convective conditions and under-assessments during stable conditions.38

39

40

41
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Introduction42

As utility-scale deployment of wind energy expands, turbine sizes and generating 43

capacities also are increasing.  For example, more than 1,000 wind turbines currently in 44

operation in the U.S. have power producing capacities larger than 2 MW and new wind farms are 45

increasingly ordering turbines on the scale of 2.5 MW or greater.  Furthermore, half of all newly 46

installed turbines in the U.S. in 2009 were at least 1.5 MW in capacity, with hub heights ranging 47

from 60 to 100 m above ground level (AGL) and rotor diameters on the order of 80 m [1].  48

Turbines with larger capacities generally utilize higher hub heights:  the Enercon E-126 6 MW 49

turbine is designed for a hub height of 135 m, with a rotor disk of 126 m [2].  As turbines 50

penetrate higher altitudes, the area swept by the blades expands beyond the atmospheric surface 51

layer (~ the bottom 10% of the boundary layer, for e.g., if the depth of the boundary layer is 52

1000 m, the height of the surface layer is 100 m AGL) and into the convective mixed layer with 53

complex flows driven by buoyant turbulent mixing [3].  While mean wind velocity in the turbine 54

rotor disk (i.e., the blade swept area) largely determines the amount of power that is generated, 55

wind shear and turbulence intensity, which are measures of atmospheric stability, also appear to 56

play a role in power output [4-9].  Thus, defining parameters for atmospheric stability, including 57

accurate descriptions of how wind velocity and turbulence vary across the turbine rotor disk, 58

may prove beneficial to wind farm operations. 59

Stability in the lower boundary layer is largely driven by thermal gradients (called static 60

stability) and by frictional drag, either induced along the ground surface or from wind shear aloft 61

(called dynamic stability).  For these reasons onshore wind farms generally experience strong 62

seasonal and diurnal patterns in the wind profile.  Increased or decreased atmospheric mixing 63

causes wind velocity in the rotor disk to deviate from the traditionally expected profile whereby 64



4

pressure gradient forces cause wind speed to increase logarithmically with height from a 65

minimum found just above the ground surface to a maximum at the top of the boundary layer.  In 66

fact, the logarithmic wind profile should be expected only when the boundary layer is near 67

neutral [10].  Near neutral conditions exist when wind speeds are very high, vertical gradients of 68

potential temperature are constant, and the buoyancy flux is nearly nonexistent.  When turbulent 69

motions are enhanced, as during daylight hours when surface heating causes air to rise (positive 70

buoyancy), large-scale turbulent eddies reduce vertical gradients of temperature and velocity, 71

and wind speeds are nearly uniform with low shear throughout the rotor disk.  Under stable 72

conditions, vertical motions are suppressed (negative buoyancy) and turbulence is dominated 73

either by mechanical forces near the surface (e.g. friction along the ground surface) or high wind 74

shear aloft (e.g. friction induced by a nocturnal low-level jet or gravity wave).  A stable 75

boundary layer is characterized as having very little vertical mixing and strong gradients of 76

temperature and velocity.  Generally at night, turbulent motions are subdued due to cooling at the 77

surface, the boundary layer is statically stable, and the air flow becomes stratified at heights 78

encountered by the wind turbine.  This decoupling can lead to high shear conditions in the rotor 79

blade swept-area, with a shallow-depth acceleration of high-momentum air, between 100 and 80

300 m above the surface near the top of modern turbine rotors.  Strong shear generated by these 81

jet profiles may generate turbulence aloft [11].  82

Stability classification schemes for the planetary boundary layer (PBL) are typically 83

based on vertical profiles of potential temperature θ ( dz
T

z







 , where Гd is the dry adiabatic 84

lapse rate (9.8 K/km)), the bulk Richardson number Ri (calculated from gradients of potential 85

temperature and wind speed) [12, 13], or the Obukhov length L (a surface layer scaling 86



5

parameter that is a function of surface heat and momentum fluxes) [14, 15].  Potential 87

temperature is useful in boundary layer studies because it normalizes the variations in 88

temperature in an air parcel due to changes in air pressure as it rises and descends.  Vertical 89

profiles of potential temperature give the most straightforward indication of whether the 90

boundary layer is statically stable (
z

 > 0), statically unstable (
z

 < 0), or neutral (
z

 = 0).  A 91

complete temperature profile is, however, difficult to obtain because it requires either multiple 92

instruments on a very tall meteorological tower or a remote sensing platform equipped with a 93

temperature profiler, such as a Radio Acoustic Sounding System (RASS).  Because these are 94

very expensive, boundary-layer studies instead often rely on the surface-based Obukhov length95

to characterize stability, which requires a single sonic anemometer above the plant canopy or 96

bare ground, but this approach is not ideal for wind energy applications.  L does not account for 97

low frequency, wave-dominated turbulence nor top-down forced boundary layers, such as those 98

that occur during stable conditions or on nights during a low-level jet (LLJ) [16], nor can it be 99

applied to heights above the surface layer [17, 18].   The Obukhov length is also problematic 100

during very stable conditions because surface fluxes may be small and intermittent [19] and thus 101

difficult to measure accurately.  Therefore, a more universal, yet accurate stability parameter that 102

is based on available instrumentation is needed in the wind industry. 103

Wind farms typically have two means for inferring local stability, either from a 104

dimensionless wind shear exponent α, estimated from cup anemometers at least at two 105

measurement heights, or turbulence intensity I (the ratio of turbulence fluctuations to mean wind 106

speed), often from a single cup anemometer near hub height.  High magnitudes of wind shear 107

suggest a stable boundary layer whereby the turbine blades are likely to encounter strongly 108
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stratified flows across the rotor disk (e.g., much higher wind speeds at the top of the rotor than at 109

the bottom).  Very high values of shear may cause out-of-plane bending loads on the blades and 110

damage turbine components.  Low values of wind shear indicate convective or well-mixed 111

conditions across the rotor and a more uniform average velocity profile.  Turbulence intensity is 112

also considered a means of quantifying atmospheric stability because a stable atmosphere is 113

generally characterized with low amounts of turbulence (except during a low-level jet or gravity 114

wave), while a convective atmosphere generally will be much more turbulent.  High amounts of 115

intense and highly organized (coherent) turbulence are important to identify because they can 116

impose significant aerodynamic loads on the turbine and cause fatigue damage to the turbine 117

rotor [20, 21].  118

Previous investigations of the accuracy of turbine power curves have noted a dependency 119

of power performance on atmospheric stability through examination of the cup anemometer 120

stability parameters, α or I.  Some stability studies have focused on specific stability-related 121

phenomena found in the lower boundary layer, including the nocturnal low-level jet which 122

produces a wind maxima [22-24] at heights near the top of the turbine rotor [25-28].  Other 123

researchers have focused on the sensitivity of power curves to the wind shear exponent [9, 29-124

31] or to hub-height turbulence intensity [4, 8, 30, 32-34].  To our knowledge, this is the first 125

study to compare such a large set of independent stability parameters, including the Obukhov 126

length from sonic anemometry and high-resolution Sound Detection and Ranging (SODAR) 127

measurements of the wind shear exponent, turbulence intensity, and turbulence kinetic energy at 128

multiple heights spanning from the bottom to top of the rotor disk.  We report high temporal and 129

spatial resolution measurements of wind speed, direction, and turbulence from multiple 130

instrument platforms, including SODAR, a pair of meteorological towers, and multiple turbines 131
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over a full year.  The dependence of turbine power generation on these stability parameters will 132

be addressed in a subsequent paper.  133

134

Methods135

Overview of site and available data136
The data in this study were collected at a wind farm located in western North America at 137

an elevation of near sea level, with some marine boundary layer influences.  The area 138

experiences strong land-sea temperature differences, particularly during the summer months 139

when the land is much warmer than the coastal Pacific waters.  The resulting pressure gradient 140

produces strong onshore winds consistently from a westerly or southwesterly direction.  The site 141

has two distinct seasons: a wet, cool winter with frequent synoptic storms and a dry, warm 142

summer with little convective storm activity due to the presence of a semi-permanent high 143

pressure circulation over the Pacific Ocean.  The landscape both upwind (called fetch) and at the 144

wind farm is grassland on rolling hills with elevation variations less than 100 m.  Portions of the 145

site are used for grazing.  146

A number of horizontal-axis, three-bladed wind turbines, with rotor diameters of 147

approximately 80 m, are in operation at the wind farm, covering an area of approximately 6 km 148

by 10 km.  The blades interact with the instantaneous wind speed in a disk-shaped area across 149

heights of 40 m to 120 m above the ground level (AGL), where 40 m is the minimum blade tip 150

height and 120 m is the maximum blade tip height.  The nacelle and power generators are located 151

at 80 m AGL (referred to as hub-height).  Each turbine has a heated cup anemometer (IceFree3, 152

NRG Systems, Hinesburg, VT, USA) located on the end of the nacelle, providing hub-height 153

estimates of wind speed.  A subset of six leading-edge turbines was selected for analysis in this 154
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study; these turbines are located in the northwestern region of the wind farm and are all upwind 155

of other turbines and obstacles.  156

The wind farm layout is shown in Figure 1 with the relative locations of the roving 157

SODAR platform, 50 m- and 80 m-tall meteorological towers, and subset of turbines used in this 158

analysis.  The meteorological towers are located in the upwind portion of the wind farm and are 159

equipped with cup anemometers (#40, NRG Systems) at heights ranging from 30 m to 80 m 160

AGL.  Additionally, wind direction, air temperature, and barometric pressure are measured near 161

the top of each tower.  A Doppler mini SODAR (Model4000, Atmospheric Systems Corporation, 162

Santa Clarita, CA, USA) collected high vertical resolution, three-axis wind velocity data during 163

most of the year-long study in the northern region of the wind farm.  SODAR data enabled the 164

calculations of a wind shear exponent, latitudinal, longitudinal, and vertical turbulence 165

intensities, and turbulence kinetic energy at 10 m intervals at heights representative of the rotor 166

disk, as discussed in detail below.  167

In addition, the Obukhov length was calculated from three-axis wind velocity and surface 168

heat flux measurements (WindMaster Pro 3-axis ultrasonic anemometer, Gill Instruments Ltd, 169

Hampshire, England) from an off-site research station approximately 15 km away in similar 170

terrain.  All turbine and meteorological measurements except for the Obukhov length were171

averaged over a 10-minute time period following IEC standards [35].  Measurements of wind 172

speed, momentum flux, and heat flux used in the Obukhov length were calculated from 30-173

minute averages.  Wind speed measurements were removed from the analysis when the 174

following criteria applied: standard deviation was less than 0.1 m/s, wind speed was greater than 175

25 m/s or less than 0.5 m/s, or wind flow was from an easterly direction and caused “tower 176

shadowing”.  Complete instrument details are listed in Table 1.177
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Throughout this paper, we define the wind velocities as the following:  u and v are the 178

horizontal components of wind speed, where u is the mean wind speed in the latitudinal direction 179

(x) and v is the mean wind speed in the longitudinal direction (y), w is the mean wind speed in 180

the vertical direction (z), and u', v', and w' are perturbations of the instantaneous wind speed 181

components u(t), v(t), and w(t) from the mean wind speeds u, v, and w, such that, u' = u(t) – u. 182

SODAR measures wind speed in three directions, while a cup anemometer gives only the 183

horizontal wind speed, U.  SODAR U is calculated from the square root of the sum of latitudinal 184

and longitudinal velocities, such that, U = 22 vu  .  In this paper, nacelle wind speed refers to 185

the cup anemometer mounted on the nacelle hub at 80 m AGL while hub-height wind speed is 186

used in broader context to include all 80 m AGL wind speed measurements from either the 187

meteorological tower (cup anemometer), SODAR, or nacelle (cup anemometer).  All analyses 188

were done using the statistical software package ORIGIN 8 (OriginLab Corp., Northampton, 189

MA, USA). We report the Pearson’s correlation coefficient (r) and one-way ANOVA P-value 190

(P) at a significance level equal to the 95th confidence level (P < 0.05).191

192

Evaluation of power performance193

Power performance at an individual turbine was based on normalized power Pnorm (%), 194

100
,

, 
ratedi

ti
norm P

P
P                           (1)195

where Pi,t is the average amount of power (kW) generated at turbine t over a 10 minute period 196

and Prated is the maximum amount of power (kW) turbine t is potentially able to produce over a 197

ten minute period as determined by the manufacturer.  A normalized power factor of 100% 198
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indicates that a turbine is producing a power yield equal to the manufacturer’s maximum power 199

rating (e.g., 2 MW for a 2 MW rated turbine).  The manufacturer’s power performance data 200

assumes standard atmospheric conditions including an assumption of neutral stability and 201

turbulence intensity between 10-15%.  Air density corrections for the manufacturer power curves 202

using on-site air pressure and air temperature did not make a significant difference since this 203

wind farm is at near sea level.  Normalized power was calculated for each turbine in the subset 204

every 10 minutes during the study period.  We used leading-edge turbines to remove any effects 205

that turbine-induced wakes may have on turbine power performance.  Also, the distance between 206

any upwind obstacles (e.g., a meteorological tower) and a downwind turbine was checked to 207

verify that the turbine was no closer than four times the rotor diameter from the upwind obstacle 208

[35].  209

210

Meteorological measurements and stability parameters211

Vertical profiles of mean horizontal wind speed (U) (m s-1) and turbulent fluctuations in 212

the horizontal wind speed (σU) (m s-1) were available from cup anemometers on two 213

meteorological towers (50 m and 80 m tall).  Three cup anemometers were mounted on the 50 m 214

tower at heights of 30 m, 40 m, and 50 m AGL.  The 80 m tower was equipped with three cup 215

anemometers at heights equal to 50 m, 60 m, and 80 m AGL.  The cup anemometers measured 216

horizontal wind speed at a sampling rate of 1 Hz with an accuracy of 0.3 m s-1. Wind direction, 217

barometric pressure, and air temperature (Ta) were measured at 47 m AGL on the 50 m tall tower 218

and at 77 m AGL on the 80 m tall tower.  Frequent data outages in Ta, as well as the 8 km 219
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distance between the two meteorological towers, prevented the calculation of a vertical potential 220

temperature profile to determine atmospheric stability at this site. 221

SODAR measurements of latitudinal, longitudinal, and vertical wind speed (u, v, w) (m s-222

1), wind direction, and turbulent velocity fluctuations (σu, σv, σw) (m s-1) were available during the 223

majority of the study period.  The SODAR transmits three high frequency (4500 Hz) acoustic 224

beams at a pulse width of 60 ms, and u, v, and w are calculated by analyzing the frequency shift 225

in spectral energy in the return signal from each beam [36, 37].  The wind vectors were measured 226

at 10 m intervals from 20 m to 200 m, for a total of 19 different height measurements above the 227

ground surface, with an accuracy of 0.5 m s-1.  Wind speed and direction were averaged over 10-228

minute intervals.  The raw data were quality-controlled according to accepted SODAR standards, 229

e.g. [38].  10-minute periods that failed to meet thresholds for percentage of acceptable data (> 230

15% bad data) and signal-to-noise ratio (SNR < 7) were removed.  The system operated from 231

July 2007 to May 2008 with major outages in the rainy season (November, December and 232

January).  On average, daytime (nighttime) SODAR data recovery was greater than 95% (90%) 233

at 40 m, 90% (85%) at 80 m, and 75% (83%) at 120 m AGL.  The SODAR was not stationary 234

during the study period and was moved to three site locations (SODAR1, SODAR2, and 235

SODAR3) within an area of 4.8 km by 1.5 km during the periods: July 2007 to mid-August 236

2007, mid-August 2007 to September 2007, and October 2007 to May 2008.  These times 237

correspond to SODAR1, SODAR2 and SODAR3 in Figure 1, respectively. 238

SODAR and cup anemometer wind velocities were used to calculate a dimensionless 239

wind shear exponent α using the power law expression [39], 240

)()(
R

R z
zUzU                     (2)241
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where U is the mean horizontal wind speed (m s-1) at height z (m) and UR is the mean horizontal 242

wind speed (m s-1) at a reference height zR (m); by convention, height zR is closer to the ground 243

than z.  A wind shear exponent is traditionally used to estimate variations in available wind 244

power by height, when direct measurements of wind speed across the rotor and stability are 245

unavailable [40].  Here, three wind shear exponents were calculated using SODAR wind speed 246

measurements at 40, 80, and 120 m:  40_120 parameterizes stability across the entire rotor disk, 247

40_80 parameterizes stability across the lower half of the rotor disk, and 80_120 parameterizes 248

stability across the upper half of the rotor disk.  A fourth, α, 50_80, was calculated using the 50 249

and 80 m meteorological tower cup anemometer data for comparison to the SODAR shear 250

exponent 40_80.  Only the time periods when the wind speed was greater than the turbine cut-in 251

speed were used to calculate α.  252

The wind shear exponent describes the degree of atmospheric stability based on the 253

presence (shear or no shear) and amount (low or high shear) of stratified flow but is not a direct 254

measure of stability.  Historically, a constant α-value of 1/7 (0.14) has been used to extrapolate 255

the wind speed taken at a reference height (usually from the nacelle anemometer) to all other 256

heights within the blade-swept area when the wind profile is unknown.  The one-seventh 257

constant has been attributed by [41] to von Karman’s work indicating a correspondence between 258

wind flow in the surface layer and experimental flow over flat plates and to observations taken in 259

the boundary layer in the 1920’s by [42].  A few studies recognized early on that serious errors 260

can be introduced by reliance on the power law, Eq (2), to estimate the wind speed profile in 261

wind power applications [43-45].  First, the power law has no theoretical basis for extrapolating 262

wind speed within the boundary layer because it is not based on the basic principles of fluid 263

mechanics and is instead derived empirically.  Second, the power law should only be considered 264
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valid during neutral conditions in homogeneous, flat terrain.  Finally, the power law does not 265

acknowledge the possibility of variable wind shear across the rotor disk and its impact on 266

turbulence. 267

In contrast to the wind shear exponent, which measures the amount of wind shear that 268

may produce turbulence, turbulence intensity I (%) uses measurements of velocity fluctuations in 269

the boundary layer to characterize stability and is a statistical descriptor of the overall level of 270

turbulence in relation to mean wind speed.  High I magnitudes indicate that a significant portion 271

of wind energy is composed of turbulent flow, while low I values indicate laminar flow with less 272

turbulence. Three component turbulence intensities can be calculated when u, v, and w273

observations are available, as from a SODAR or sonic anemometer.  These include Iu, the 274

latitudinal turbulence intensity, Iv, the longitudinal turbulence intensity, and Iw, the vertical 275

turbulence intensity.  The first turbulence intensity, Iu, describes the relative amount of 276

turbulence in the x direction in relation to the mean horizontal wind speed, following [46], 277

U
I u

u


        (3)278

where σu (m s-1) is the average standard deviation of the latitudinal velocities over a 10-minute 279

period.  Likewise turbulence intensity in the longitudinal direction is, 280

U
I v

v



       (4)

281

and turbulence intensity in the vertical direction is,
282

U
I w

w



       (5)

283
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Note that calculations of longitudinal Iv or vertical Iw are not possible with a cup 284

anemometer since the instrument measures only horizontal wind speed (U), and not the 285

components u, v, and w.  We assumed here that the cup anemometer is insensitive to any changes 286

in the vertical velocity.  For the cup anemometers, turbulence intensity was determined by 287

calculating a horizontal turbulence intensity,  288

U
I U

Ucup


                                            (6)289

SODAR I magnitudes are not directly comparable to those from the cup anemometer because the 290

expressions for I in Eqs (3-5) are not equal to I in Eq (6).  In order to directly compare the 291

instruments, we calculated two alternative expressions for horizontal turbulence intensity from 292

the SODAR to include the standard deviations of u and v.  Eq (7) appears to be the more 293

accepted way to calculate SODAR IU in the wind industry, whereby IU is the average of the 294

latitudinal and longitudinal turbulence fluctuations and assumes that turbulence is isotropic, 295

U
I vui

i

SODARU 2
,

1





                   (7)
296

In Eq (8), we followed methodology adopted by micrometeorologists and calculated a horizontal 
297

turbulence intensity which uses the square-root of the sum of turbulence in the horizontal wind 
298

components and makes no assumptions about the isotropic nature of turbulence,
299

U
I vu

SODARU
)( 22

2
 


       (8)

300
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The expression for turbulence intensity in Eq (8) is found in [47] and is similar to derivations 301

found in [46, 48].  Note that Eq (7) (the “averaging method”) and Eq (8) (the “square-root 302

method) will not give identical magnitudes of IU, even if turbulence is isotropic and u equals v303

because the two expressions for horizontal turbulence are not equal.  304

SODAR turbulence intensities were calculated at 10-minute intervals at each of the nine 305

measurement heights in the rotor disk.  Cup anemometer I was calculated for each 10-minute 306

period at heights of 50 and 80 m using the meteorological tower cup anemometer measurements. 307

Only the time periods when U was greater than the turbine cut-in speed and the standard 308

deviations were greater than 0.1 m s-1 were included.  These criteria excluded extremely high 309

turbulence intensities caused by the presence of very low wind speeds and very low turbulence 310

intensities caused by unrealistically low variance. 311

Related to SODAR I, turbulence kinetic energy TKE (m2 s-2) was calculated from 312

SODAR data using the three turbulence components as in Eq (9),313

)(
2
1 222

wvuTKE                                 (9)314

TKE is a measure of the intensity of turbulence and is directly related to the transport of 315

momentum (shear-generated turbulence that is strongest in the horizontal direction) and heat 316

(thermal-generated turbulence in the vertical direction) through the boundary layer.  Hence, TKE317

is the sum of all measurable sources of turbulence, both convective and mechanically-generated.  318

Here, TKE was calculated for each of the 19 SODAR measurement heights (20-200 m AGL). 319

TKE varies with height.  For example, in an unstable boundary layer, TKE generally 320

increases with height until a maximum is found at the level where free convection dominates.  321
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When strong winds are present or during neutral conditions, TKE may be nearly constant or 322

decrease slightly with height [17].  During stable nighttime conditions, TKE often decreases 323

rapidly with height from a maximum value found just above the surface.  An exception to this 324

occurs when low-level jets or other elevated sources of turbulence such as breaking gravity 325

waves are present.  If nighttime TKE is generated at levels above the surface in a statically stable 326

atmosphere and is transported downward, then this behavior suggests the presence of high wind 327

shear and a LLJ [16, 49-51].  During a LLJ, very high wind speeds may be found at heights equal 328

to the top of turbine rotors (~100-150 m AGL) [52], but the potential for high power generation 329

can be offset by the potential for structural turbine damage caused by intense, coherent 330

turbulence structures just below the LLJ [21].331

Finally, a nearby university research station provided 3-axis wind velocity and sensible 332

heat flux data from a sonic anemometer and a fast-response thermocouple during the study 333

period to calculate the stability length scale L (Obukhov length).  The research station has some 334

localized differences compared to the wind farm, including a fetch with flatter terrain and a 335

slightly lower estimate of aerodynamic roughness length, but the winds are consistently from the 336

same direction.  Using a fast-response (output rate of 20 Hz), multi-axis sonic anemometer, 337

measurements of mean latitudinal, longitudinal, and vertical wind speed, as well as fluctuations 338

from the mean (u', v' and w'), offered detailed information about the structures of organized 339

turbulence.  The Obukhov length (L) (m) was used as a scaling parameter to indicate atmospheric 340

mixing conditions in the surface layer following Monin-Obukhov similarity theory [17, 53-55],  341

''

3
*

v

v

wgk

u
L








      (10)342
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where θv is the virtual potential temperature (K), k is the von Karman constant (0.4), g is 343

acceleration due to gravity (9.8 m s-2), ''
vw is the kinematic sensible heat flux (W m-2), and 344

friction velocity, u* (m s-1) is defined from the kinematic momentum fluxes, where u*345

= 4/12''2'' )( wvvu  .  Calculation of potential virtual temperature (θv) in the sensible heat flux 346

eliminates the “apparent” temperature variations from changes in air pressure of an air parcel as 347

it rises and descends.  The sign of the kinematic sensible heat flux in Eq (10) indicates whether 348

the boundary layer is statically stable ( ''
vw < 0) or statically unstable ( ''

vw > 0). A physical 349

interpretation of the Obukhov length is that the absolute value of L is proportional to the height 350

(in meters) above the surface at which thermal-produced turbulence replaces shear as the 351

dominant influence over turbulence.  In contrast to the wind shear exponent, L is valid in 352

moderately unstable or stable conditions as well as neutral boundary layers.  353

Eq (10) can be expressed as a non-dimensional scaling parameter z/L, where z is the 354

height of the sonic anemometer (z = 3.2 m).  Normalizing L by the measurement height is often 355

done in boundary layer studies because L magnitudes are extremely non-linear.  Most of the 356

figures in this paper use z/L to take advantage of its linearity although the stability thresholds in 357

Table 2 are given for L to enable direct comparisons with other studies in the literature.  L or z/L358

is defined as a negative quantity under convective or statically unstable conditions (the heat flux 359

is directed away from the surface) and a positive quantity under statically stable conditions (the 360

heat flux is directed towards the surface).  L approaches infinity (z/L ~ 0) under neutral 361

conditions.      362
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Stability classifications363
For each 10-minute averaging period, we described the boundary layer stability 364

conditions based on Obukhov length L, wind shear exponent at various heights in the rotor 365

disk), turbulence intensity I (at 80 m AGL), and turbulence kinetic energy TKE (at 80 m AGL). 366

We classified each 10-minute period as belonging to one of five stability classes: strongly stable, 367

stable, neutral (includes slightly stable and slightly convective), convective, or strongly 368

convective.  The stability thresholds, listed in Table 2, were based largely on published values, 369

although the criteria have been modified slightly according to the range of atmospheric 370

conditions and terrain observed at this wind farm.  371

The Obukhov length thresholds were based on stability classifications given by [12, 17], 372

and are similar to those used by [56] in a study of offshore wind profiles and [57] in their 373

assessment of turbine damage induced by atmospheric stability effects.  Note that our threshold 374

for neutral conditions is less conservative than found in [56-57] and includes the stability classes 375

weakly stable and weakly convective.  The wind shear exponent thresholds were based on work 376

by [8, 19, 58], although we defined a slightly lower threshold for strongly stable conditions (α > 377

0.3).  Less information is available for TKE stability criteria in wind power applications and this 378

paper appears to be one of the first applications of TKE in wind energy stability studies.  Our379

TKE thresholds were based on boundary layer field campaign data found in [17].   380

Because turbulence intensity is a relative quantity, I thresholds appear to be very sensitive 381

to the type of instrument and methodology used.  The thresholds for cup anemometer I are 382

similar to those found in [4, 30, 32, 59], although we defined more detailed stability classes.  For 383

example, [30] define just two stability classes based on a low turbulence threshold (IU = 5 to 384

11%) and a high turbulence threshold (IU = 11 to 17%).  We defined five IU stability classes 385
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including one that describes a near neutral atmosphere using intermediate values of turbulence 386

intensity.  Similar to our site, [4] at a West Coast wind farm defines the following IU thresholds, 387

from low turbulence to high turbulence as: 0 to 5%, 5 to 10%, 10 to 15%, and 15 to 30%.  388

Magnitudes of SODAR-based horizontal turbulence intensity depended on the 389

methodology chosen to calculate turbulence in the horizontal direction.  When the average of σu390

and σv was used to calculate σU, as in Eq (7), we found stability thresholds for IU1SODAR similar to 391

the cup anemometer IU, although cup anemometers are known to underestimate turbulence [60].  392

This difference is discussed later. In contrast, the turbulence intensity magnitudes were greater 393

when σU was calculated using the square-root of the sum of σ2
u and σ2

v (Eq 8), and our stability 394

criteria for IU2SODAR reflect this offset.  We included IU2SODAR in this analysis because, from a 395

micrometeorological perspective, we believe that it is the best representation of the “actual” 396

amount of turbulence present in the horizontal direction.  397

398

Results399

Seasonal power, wind speed and direction 400
This wind farm experiences two distinct wind power seasons: autumn/winter and 401

spring/summer, as determined by the regional climatology.  The autumn/winter months are 402

dominated by synoptic-scale circulations while the warm season is dominated by diurnal sea-403

breeze circulations in response to thermal forcing.  The rainy, winter season consisted of months 404

with lower nacelle wind speeds and lower power outputs than average.  Greater power 405

production occurred during the warm season coinciding with faster nacelle winds speeds.  Figure 406

2 shows seasonal average normalized power (a) and nacelle wind speed (b) for a single turbine, 407
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Turbine #1.  Average normalized power (nacelle wind speed) was 22% (4.89 m s-1) in winter, 408

53% (8.12 m s-1) in spring, 58% (8.38 m s-1) in summer, and 23% (5.11 m s-1) in autumn.  Power 409

and wind speed conditions observed at Turbine #1 were representative of the entire turbine 410

subset during the year.  Annual average normalized power was 40% for all six turbines in 411

comparison to 39% at Turbine #1. 412

Mean diurnal Pnorm values are shown in Figure 3 for Turbine #1.  More power was 413

generated at night than during the day, although diurnal variability varied greatly by season.  The 414

largest diurnal range in normalized power (ΔPnorm ~ 45%) was observed in the summer while 415

diurnal variability was minimal (ΔPnorm < 15%) in winter and autumn and moderate (ΔPnorm ~416

25%) in the spring.  Average nighttime (22:00 – 2:00 Pacific Standard Time) normalized power 417

was 23% in winter, 63% in spring, 77% in summer, and 26% in autumn.  Average midday (10:00 418

– 14:00 Pacific Standard Time) normalized power was 16% in winter, 40% in spring, 32% in 419

summer, and 14% in autumn.  Peak power output was observed around midnight in the summer 420

and average Pnorm reached 80%. 421

Figure 4 compares seasonal wind speed observations at 40, 80, and 120 m from the 422

SODAR (a) and meteorological tower cup anemometers (b).  Note that the highest measurement 423

height on the meteorological tower is only 80 m.  Similar to the nacelle wind speeds (Figure 3), 424

SODAR and meteorological tower wind speeds were higher at night than during the day and 425

higher during the warm season than in the cool season.  The largest seasonal variability in wind 426

speed occurred during the nighttime hours; for example, mean winter 80 m U was 5.4 m s-1 while 427

mean summer 80 m U was nearly double, 10.1 m s-1.  Less seasonal variability was present 428

during the daylight hours, although daytime wind speeds also seasonally peaked during the 429

summer months.  Although nighttime wind shear was commonly observed throughout the year, it 430
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was most prevalent during the summer months, as evident in the high-resolution SODAR data.  431

SODAR wind speed differences approached 4 m s-1 between 40 m and 120 m on summer nights 432

(Figure 4a).  Observations of wind shear at the meteorological tower (Figure 4b) were slightly 433

less than wind shear measured by the SODAR.  For example, average 40 m-to-80 m wind shear 434

was 1.4 m s-1 at the meteorological tower in comparison to 2.0 m s-1 from the SODAR on 435

summer nights.  Unlike SODAR, the meteorological tower cup anemometers also indicated a 436

prevalence of negative, daytime wind shear (faster wind speeds at 40 m than 80 m) during spring 437

and summer. An explanation for this is discussed next. 438

Over the study period, the SODAR and cup anemometers measured slight differences in 439

mean wind speed.  For example, annual mean nighttime U (80 m) was 8.5 ± 2.8 m s-1 from 440

SODAR (Figure 4a) and 8.3 ± 2.6 m s-1 from the meteorological tower cup anemometer (Figure 441

4b).  Annual mean daytime U (80 m) was 6.5 ± 3.2 m s-1 from SODAR and 6.7 ± 3.0 m s-1 from 442

the meteorological tower.  The Pearson’s correlation coefficient (r) between the SODAR and 443

meteorological tower 80 m wind speeds was r = 0.87 during the day and r = 0.69 at night during 444

the spring and summer months.  The meteorological tower showed greater variability in the 445

daytime wind speeds than the SODAR between heights of 40 m and 80 m.  This may be an 446

artifact of the 8 km distance between the two meteorological towers because U at 40 m 447

(measured at the 50 m tower) was on average higher than U at 80 m (measured at the 80 m 448

tower) which resulted in average negative wind shear as seen in Figure 4b.  The meteorological 449

towers and SODAR also were not co-located and were separated by a distance of 5 km between 450

the 80 m tall tower and SODAR and nearly 6 km between the 50 m tower and farthest located 451

SODAR position.  These distances, across mildly hilly terrain, explain some of the discrepancy 452

between the wind speed measurements. 453
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The predominant wind direction at the wind farm was from the west-southwest from 454

March through October while a bimodal wind direction distribution was observed from 455

November-February with a primary peak in the west-southwest direction and a secondary peak 456

in north-northeast.  Wind direction histograms for two months, February and July, are shown in 457

Figure 5 for three SODAR heights (40, 80, and 120 m) and are separated into nighttime and 458

daytime periods to show both seasonal and temporal distributions.  80 m (hub-height) winds 459

were from the west-southwest over 85% of the time on July nights (Figure 5e) in contrast to 55% 460

of the time on February nights (Figure 5b).  During the daylight hours, 80 m winds were from the 461

west-southwest 62% of the time in July while only 38% of the time in February.  Overall, 462

directional shear (change in wind direction with height) across heights representing the rotor disk 463

was negligible, although greater shear was observed in February than in July.  In contrast to wind 464

speed in Figure 4, wind direction at the wind farm indicated only a small degree of temporal 465

(night versus day) and spatial (vertical height and instrument location) variability during the peak 466

power production summer months (Figure 5d-f).467

468

Stability parameter analysis and comparison469
Due to less data recovery in the rainy autumn/winter months and the occurrence of peak 470

power production in the spring and summer months, all subsequent analysis concentrates on the 471

warm season only.  The percentage of summertime periods defined as stable (includes moderate 472

and strong), neutral (includes weakly stable and weakly convective), or convective (includes 473

moderate and strong) by the Obukhov length, wind shear exponent (across 40 to 120 m), 474

horizontal turbulence intensity (at 80 m), and turbulence kinetic energy (at 80 m) are shown in 475

Figure 6.  The Obukhov length indicated stable:neutral:convective conditions in a 42:18:40 ratio 476
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with weakly stable and weakly convective regimes included in the neutral category (Figure 6a).  477

As expected, daytime periods were primarily classified as strongly convective, convective or 478

weakly convective, while nighttime periods were strongly stable, stable, or slightly stable.  479

Stable or very stable conditions were present on nearly every nighttime hour during the spring 480

and summer months.  The stability parameters, α40_120 (6b), IU2SODAR (6e), and TKE (6f) showed 481

highest agreement with L and predicted stable:neutral:convective ratios of 42:22:36, 40:20:40, 482

and 42:20:38, respectively, while IUcup (6c) and IU1SODAR (6d) under-predicted convective 483

conditions by more than 10%. 484

Box-plot histograms of 10-minute α (40 to 120 m), SODAR IU2 (80 m), and TKE (80 m) 485

magnitudes according to z/L stability class are shown in Figure 7.  The box plots show the mean, 486

median, 25th and 75th percentiles for each stability parameter after bin-averaging by z/L.  Overall 487

there was high agreement between the derived stability parameters and the normalized Obukhov 488

length.  For example, when z/L indicated neutral conditions (z/L ≈ 0), the median (25th489

percentile) (75th percentile) value for α40_120 was 0.14 (0.06) (0.23), IU2SODAR was 12.0% (9.7) 490

(13.8), and TKE was 0.76 m2 s-2 (0.54) (1.00).  When z/L indicated stable conditions (z/L > 0), 491

the median (25th percentile) (75th percentile) α40_120 = 0.31 (0.24) (0.36), IU2SODAR = 8.2% (7.3) 492

(9.1), and TKE = 0.42 m2 s-2 (0.31) (0.55).  When z/L indicated convective conditions (z/L < 0), 493

the median (25th percentile) (75th percentile) α40_120 = 0.02 (-0.04) (0.07), IU2SODAR = 24.2% (17.2) 494

(33.4), and TKE = 1.20 m2 s-2 (0.98) (1.38).  The median values for α40_120, IU2SODAR, and TKE are 495

well within the thresholds given in Table 2 for the three major stability regimes (stable, neutral,496

and convective).  Most of the 25th and 75th percentiles are also within the thresholds.497

Mean diurnal patterns for the stability parameters during spring and summer are shown in 498

Figure 8.  In each panel, the gray shading indicates stable conditions, the x-notched shading is 499
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neutral conditions, and the white shading is convective conditions.  Almost all of the stability 500

parameters show distinctly stable conditions at the night and convective conditions during the 501

day.  The normalized Obukhov length is shown for comparison to the on-site, derived stability 502

parameters and shows that on average stable conditions existed from 19:00-5:00 Pacific Standard 503

Time, neutral conditions occurred around sunrise and sunset, and convective conditions were 504

between 8:00-16:00 Pacific Standard Time (Figure 8a).  Figure 8b shows the three SODAR wind 505

shear exponents: α40_120 (shear across the entire rotor disk), α40_80 (shear across the lower half), 506

and α80_120 (shear across the upper half), in comparison to the meteorological tower wind shear 507

exponent, α50_80 (shear across the lower half).  Diurnal wind shear variability was large and all 508

four wind shear exponents were, on average, greater than 0.2 at night (indicating high shear and 509

stable conditions) and less than 0.1 during the day (indicating low shear and convective 510

conditions).  Very high shear conditions (α = 0.3 to 0.4) were consistently observed on spring 511

and summer nights in the upper half of the rotor disk, possibly indicating the presence of low-512

level jet structures at heights above the top blade tip, which did not penetrate to the lower half of 513

the rotor.  During the day, wind shear was generally highest in the lower half of the rotor disk 514

(40 m to 80 m) while α40_120 values indicated a well-mixed boundary layer across the entire swept 515

area.  Generally, magnitudes of SODAR α40_80 and cup anemometer α50_80 were very similar, as 516

expected, although the cup anemometer indicated slightly less wind shear during the daylight 517

hours.518

Diurnal magnitudes of IU indicated systematic instrument differences between the cup 519

anemometer and SODAR as well as differences in the methodology used to calculate SODAR 520

horizontal turbulence.  IUcup indicated, on average, higher turbulence intensities closer to the 521

ground (50 m versus 80 m) during both nighttime and daytime hours (Figure 8c).  Mean cup 522
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anemometer IU was 13.5% at 50 m and 12.7% at 80 m during midday hours and 9.7% at 50 m 523

and 7.9% at 80 m at night.  IU_50 and IU_80 were measured at different locations in the wind farm 524

and are thus not directly comparable.  The first SODAR-derived horizontal turbulence intensity, 525

IU1SODAR, showed a similar amount of diurnal variability as IUcup, although the SODAR parameter 526

shows highest daytime I magnitudes at 120 m and highest nighttime I values at 40 m.  Mean 527

nighttime 40 m (80 m) (120 m) IU1SODAR was 7.6% (6.2%) (5.5%).  Mean daytime 40 m (80 m) 528

(120 m) IU1SODAR was 13.5% (14.4%) (14.8%).  These differences with height and time of day are 529

realistic given that turbulence at night is shear-driven (e.g., friction along the surface), while 530

daytime turbulence is dominated by large, buoyant eddies.  531

The second SODAR-derived I parameter, IU2SODAR, showed a greater amount of diurnal 532

variability than either IUcup or IU1SODAR and is shown in Figure 8e.  Hub-height IU2SODAR ranged 533

from 20.3% during midday to 8.6% at night.  IU2SODAR also showed slightly more stratification 534

with height during the nighttime hours:  mean I =10.8% at 40 m and 7.7% at 120 m.  The largest 535

difference between hub-height IUcup, IU1SODAR, and IU2SODAR magnitudes occurred during the 536

daylight hours and peak midday values ranged from 14.2% (IUcup) to 21.7% (IU2SODAR).  The cup 537

anemometers systematically measured smaller turbulence intensities during the daylight hours as 538

compared to SODAR.  Further analysis showed that the instrument differences came largely 539

from differences in the 10-minute standard deviations (σU).  Cup anemometer σU magnitudes 540

were generally lower than both methods used to calculate SODAR σU.  The “square-root” 541

method (Eq 8) yielded up to 5% higher IU magnitudes during the day than did the “averaging 542

method” (Eq 7).  A larger range of magnitudes made it possible to use IU2SODAR to distinguish 543

very convective conditions from moderately convective.    544
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The mean diurnal pattern for turbulence kinetic energy at heights of 40, 80, and 120 m 545

appears in Figure 8f.  The degree of diurnal variability in TKE is very similar to that observed for 546

IU2SODAR.  As with the SODAR I parameters, nighttime TKE decreased with height, while 547

daytime TKE increased with height.  Mean daytime (nighttime) TKE magnitudes were 1.60 m2 s-548

2 (0.63 m2 s-2) at 120 m, 1.58 m2 s-2 (0.64 m2 s-2) at 80 m, and 1.42 m2 s-2 (0.71 m2 s-2) at 40 m.  549

As expected, nighttime TKE magnitudes were indicative of stable, stratified flows, while daytime 550

TKE showed a much more turbulent atmosphere.551

552

Stability influence on wind velocity and turbulence profiles553

The following sections use IU2SODAR (at 80 m) to quantify the effects of atmospheric 554

stability on the rotor disk wind speed and turbulence profiles during spring and summer. 10-555

minute wind speeds at 40, 80, and 120 m were averaged by stability class in Figure 9 and are 556

compared against seasonal averages.  Stability-correlated variability was particularly high during 557

the spring and summer months.  Hub height wind speed was significantly lower (P < 0.05) 558

during convective or strongly convective conditions than during strongly stable, stable, or neutral 559

regimes.  As expected, convective conditions showed almost no wind speed variability with 560

height, while wind speeds were highly stratified across the rotor during stable and very stable 561

conditions.  Maximum wind speeds were observed during stable conditions, at all heights, with 562

the largest stability-related differences occurring at the top of the rotor during the summer.  For 563

example, summer-time mean 120 m wind speed was 14.0 m s-1 during very stable conditions in 564

comparison to 3.0 m s-1 during very convective conditions (Figure 9b).  565
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Vertical profiles of wind speed and TKE at all heights across the rotor disk are shown in 566

Figures 10 (for spring) and 11 (for summer) and are segregated according to stability class.  567

Using wind speed observations at 80 m, and assuming an α value of 1/7 in Equation (2), the568

power law wind speed profile was also calculated.  These figures show clear distinctions in how 569

measured wind speed varies with height depending on atmospheric stability.  Additionally, it is 570

clear that a constant wind shear exponent is not sufficient in predicting the mean wind speed 571

profile under non-neutral conditions.  572

In Figure 10a, the power law inaccurately predicted wind speeds at the top and bottom of 573

the rotor disk during both stable and convective conditions.  For example, during stable 574

conditions, the power law expression underestimated wind speed in the upper half of the rotor by 575

1 to 1.5 m s-1 and overestimated wind speed in the lower half by 0.5 to 1 m s-1.  While during 576

convective conditions, the power law overestimated wind speed in the upper half of the rotor by 577

1.0 to 1.5 m s-1, and underestimated wind speed in the lower half by 0.3 m s-1.  In Figure 10b, 578

SODAR observations show that TKE decreased with height (up to 100 m) during stable 579

conditions, was nearly constant with height during near-neutral conditions, and increased rapidly 580

with height during convective conditions.  The largest changes in TKE with height were 581

observed in the lower half of the rotor, regardless of stability regime.  A significant peak in TKE582

below the wind speed maxima (~ 130-150 m) was not noticeable during very stable conditions.  583

Summertime SODAR profiles of wind speed were similar to those observed in the spring, 584

except that even stronger stability influences were observed during strongly stable and strongly 585

convective conditions (Figure 11a).  During strongly stable conditions, wind speed at the top of 586

the rotor approached 14 m s-1.  This velocity was 1.5 m s-1 greater than the predicted wind speed 587

at this height (using α = 1/7), while in the lower half of the rotor, U was 10 m s-1, a full meter per 588



28

second slower than predicted with the power law.  In contrast, during strongly convective 589

conditions, the power law overestimated U in the top half of the rotor by 1.5 to 2.0 m s-1 and 590

underestimated U in the lower half by 0.5 m s-1.  TKE profiles during the summer season are 591

shown in Figure 11b.  Sharp increases in TKE with height were observed during convective592

conditions, while TKE was nearly constant with height during neutral and stable conditions.  A 593

slight peak in TKE was visible during very stable conditions at 140 m which may indicate the 594

presence of low-level jets on summer nights (a wind maxima is also present at 150 m), although 595

confirmation of LLJs is not possible without further investigation.    596

597

Discussion 598

With the rapid expansion of wind farms and the significant penetration of wind energy 599

into power markets, accurate estimates of wind power availability and the dependence of the 600

wind resource on atmospheric boundary layer conditions, including stability, are required to 601

assess wind plant performance.  In this study, a unique dataset from an onshore wind farm was602

explored to quantify the utility of various parameters of atmospheric stability, as well as 603

document the impact of atmospheric stability on profiles of wind speed and turbulence across the 604

rotor disk. In addition to typical wind farm meteorological tower and nacelle cup anemometers, 605

this extensive dataset included measurements from a remote-sensing SODAR and an offsite 606

three-dimensional sonic anemometer.607

On average, wind farms in the contiguous U.S. produce maximum power in January and 608

minimum power in August [61].  In contrast, this wind farm exhibited maximum power output609

during the warmer months, with peak power produced on strongly stable spring and summer 610

nights.  The power season was largely driven by regional climatology.  The climate includes a 611
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dry, warm season with strong thermal gradients and strong onshore flow, and a wet, cool season 612

dominated by synoptic storms.  The summertime peak in power coincided with higher wind 613

speeds in the rotor disk, and in particular, with maximum wind speeds found at the top of the 614

rotor (100 to 120 m) during stable nighttime conditions.  The wintertime drop in power was due 615

to fewer occurrences of strong, stable nighttime flows and an overall decrease in wind speeds at 616

all heights within the rotor disk.617

The on-site stability parameters α120_40, IU2SODAR, and TKE compared well with the sonic 618

anemometer measurement of stability, L, while IUcup and IU1SODAR tended to under-predicted 619

convective conditions.  Previous wind farm studies have determined stability based on one or 620

two of these parameters [5, 8], while ours is the first study of our knowledge to compare such a 621

large set of independent stability parameters.  Observations of 3-directional turbulence were 622

available on-site only because of the presence of the SODAR, although deployment of 3-D sonic623

anemometers on a tall meteorological tower could also enable quantification of TKE profiles.  624

Along with power production and mean wind speed, stability regimes at our site were highly 625

seasonal.  The largest contrasts between stable and convective conditions appeared during 626

thermally-driven onshore flow in the spring and summer months.  627

We observed high amounts of wind shear across the rotor disk on summer nights in 628

agreement with values found in other studies [30, 62] indicating that the turbines at our site are, 629

at times, above the atmospheric surface layer and are encountering complex, decoupled flow.  630

Although all of the wind shear exponents characterized stability in agreement with L, we found 631

that stability parameters which included information about turbulence from SODAR were 632

slightly more accurate.  Likewise, [62] found uncertainty with using wind shear to predict the 633

mean wind speed profile, particularly during stable regimes.634
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Turbulence intensity magnitudes were very sensitive to the type of instrument used (cup 635

anemometer versus SODAR), as well as to the methodology chosen to calculate horizontal 636

turbulence when using a SODAR system.  We calculated SODAR horizontal turbulence using 637

two methods.  The first method used the average of the u and v fluctuations, while the second 638

method used the square-root of the sum of u and v fluctuations squared.  The second calculation 639

is used by micrometeorologists, while the first appears to be the primary method used in the 640

wind energy industry.  I observations presented here are comparable in magnitude to other wind 641

energy studies [6, 30, 31] when turbulence intensity was measured either with a cup anemometer 642

or the averaging method (IU1SODAR).  In contrast, a larger range of horizontal turbulence intensity 643

values was observed with the square-root method, and maximum IU2SODAR values exceed IUcup644

values published in the literature.  This disparity can be attributed to a couple of factors: (1) the 645

fluctuations in horizontal wind speed observed by SODAR were larger than those observed with 646

the cup anemometers at this wind farm, and (2) the averaging-method used in calculating 647

IU1SODAR1 (Eq 7) assumes that turbulence is isotropic and that fluctuations in the u and v velocities 648

should be weighted equally, while the square-root method (Eq 8) makes no such assumptions.  649

We believe that IU2SODAR is the best representation of the actual amount of turbulence present in 650

the horizontal direction because it is a calculation of total, not average, horizontal turbulence.  651

Moreover, the amount of diurnal variability in IU resembled the diurnal variability in TKE, when 652

IU2SODAR was chosen to represent horizontal turbulence intensity.  Smaller amounts of diurnal 653

variability in IUcup and IU1SODAR made it difficult to use these parameters to isolate two important 654

stability classes: very stable from stable and very convective from convective.  655

Anemometer differences, including low variance in cup anemometer observations, also 656

have been reported by [63] using controlled flow in wind tunnel experiments.  We stress that cup 657
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anemometers are not suitable for making turbulence measurements because of their design.  Cup 658

anemometers respond faster to increases in velocity than to decreases [48, 64], which can cause a 659

typical cup anemometer to fail to measure 5% of the turbulent energy [60].  On the other hand, 660

[31] also note a difference between SODAR and cup anemometer turbulence intensities and 661

attribute it to the fact that SODAR measurements are noisy.  Precipitation is a primary source of 662

noise because sound can be scattered from raindrops back to the SODAR.  Precipitation 663

accounted for our lower SODAR data recovery rates during the autumn and winter months. In 664

order to reduce this source of error from the SODAR dataset, we removed moderate-to-high 665

precipitation data points and focused our data analysis on the relatively dry spring and summer 666

seasons.  667

In addition, there are fundamental differences in the way SODAR and cup anemometers 668

measure wind speed, which may have led to the observed differences in I.  SODAR measures 669

vectors over a volume average while a cup anemometer does scalar averaging on a point 670

measurement.  Vector averaging can be up to 5% lower than scalar averaging, although the mean 671

difference is around 2 to 3% [65].  Assuming equal variance between the two instruments, a 672

lower wind speed would bias the SODAR I magnitudes towards greater values.   SODAR 673

systems also have error due to the fact that beam separation increases with height. These errors 674

are on the order of 0% to 20% [66].  Furthermore, the equations used to calculate horizontal 675

wind speed from SODAR data assume a constant tilt angle between the latitudinal and 676

longitudinal beams and the vertical acoustic beam and a non-zero vertical velocity.  There is a 677

chance that non-ideal conditions (e.g., non-flat terrain or the presence of strong buoyant 678

thermals) at this wind farm caused small errors in σU, whereby some of the vertical velocity 679

energy was “miss-measured” as part of the horizontal wind speed.  To reduce this potential bias 680



32

in the SODAR data, so that we more accurately describe the turbulence conditions at our site, we 681

also calculated turbulence kinetic energy, which incorporates the velocity fluctuations in all three 682

directions.  If there is a bias in the horizontal components of turbulence because of the reasons 683

described above, the error was removed by calculating a measure of total turbulence or TKE.   684

IU2SODAR did prove to be an accurate, on-site stability parameter for this wind farm as 685

indicated by the high agreement with L and the significant correlations between wind speed and 686

its derived stability regimes.  Wind speed increased sharply with height during stable conditions, 687

was nearly uniform or decreased slightly with height during convective conditions, and was near-688

logarithmic under neutral conditions.  Profiles of the three-dimensional turbulent kinetic energy 689

also showed a strong dependency on atmospheric stability.  During stable regimes, TKE 690

decreased with height indicating that turbulence was mechanically produced at the surface by 691

friction.  In contrast, during convective conditions, TKE sharply increased with height –692

convective eddies form near the surface and rise aloft, and only the largest and most energetic 693

eddies rise to higher altitudes. This behavior is consistent with detailed investigations into the 694

planetary boundary layer [67-69].  These stability profiles also agree with other wind power 695

studies [27, 31], which report that wind conditions differ above and below the turbine hub696

according to stability regime.  697

In very stable conditions, wind shear on the underside of a low level jet may produce 698

intense, coherent, top-down forced turbulence [70].  This turbulence is transported downward by 699

small scale eddies.  We found little evidence of turbulence produced aloft, such as a significant 700

peak in TKE at the top of the rotor, although we did observe increasing wind speeds aloft (100 to 701

120 m), which indicated the possible presence of nocturnal low-level jets.  The lack of strong 702

TKE maxima at the top of the nighttime profiles during very stable conditions may be due to 703
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several reasons.  First, the downward transport of turbulence is, by nature, very intermittent [14] 704

and the instrument sampling frequency may have acted as a low pass filter and missed these 705

events.  Second, LLJs could have occurred at heights above the maximum SODAR measurement 706

height (z > 200 m).  And finally, our seasonal averaging would eliminate evidence of low-level 707

jets if LLJs did not occur regularly each night.708

It is our observation that wind speed and turbulence kinetic energy predictably vary with 709

height depending on atmospheric stability.  Therefore, there are numerous advantages to 710

deploying sophisticated meteorological instruments at large wind farms, instead of relying on 711

cup anemometers for sparse measurements of wind speed and turbulence intensity at hub-height 712

and possibly at one or more heights in the rotor disk.  The high-resolution SODAR data 713

confirmed that a constant wind shear exponent, as assumed by the power law, leads to grossly 714

inaccurate predictions of wind speeds at the top and bottom of the rotor disk, particularly during 715

strongly stable or strongly convective conditions.  These inaccuracies can be either over-716

assessments of the wind resource (as seen in the turbulent time periods at this site) or under-717

assessments of the wind resource (as seen in the stable time periods at this site) and are 718

consistent with findings in [45].  Considering that the accuracy of wind speed across the entire 719

rotor disk is critical to wind energy applications, we recommend that wind farms invest in more 720

sophisticated meteorological instrumentation, such as remote sensing platforms, which give high 721

spatial resolution velocity and turbulence measurements.  Furthermore, our results strongly 722

suggest that on-site, near-real-time estimates of stability would enable a wind farm to more 723

accurately predict the available wind resource.724

725
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Conclusions726

The main scientific conclusions that can be drawn from this study are:727

(1) Local atmospheric stability in the lower planetary boundary layer can be quantified at 728

wind farms in mildly complex terrain.  Stability can be assessed by measuring wind shear 729

across heights equal to the rotor disk or by measuring turbulence at heights equivalent to730

the rotor disk.  Accurate measurements of turbulence require either a remote-sensing 731

platform or sonic anemometer.  Either hub-height equivalent turbulence intensity (using 732

the square-root method) or turbulence kinetic energy can be used as a turbulence stability 733

parameter.  Although, TKE is theoretically superior to I because it is an absolute (not 734

relative) measure of turbulence and includes all 3-dimensional fluctuations in wind speed.  735

We emphasize that all 3-dimensional fluctuations in wind speed have the potential to 736

impact wind turbine performance.737

738

(2) Vertical profiles of mean wind speed and turbulence across heights equivalent to the 739

rotor disk are strongly correlated to atmospheric stability as seen in the high-resolution 740

SODAR observations.  Basing the available wind resource on hub-height wind speed 741

without correcting for stability leads to either over-assessments of the wind resource 742

during convective periods or under-assessments of the wind resource during stable 743

regimes at this onshore wind farm. 744

745

746
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Table headings961

962

Table 1. List of available meteorological instrumentation, variables measured, and measurement 963

heights.964

965

Table 2. Stability criteria for the direct stability parameter Obukhov length and five on-site 966

stability parameters: wind shear exponent, cup anemometer turbulence intensity, SODAR 967

turbulence intensity (“averaging method”), SODAR turbulence intensity (“square-root method”), 968

and turbulence kinetic energy, as well as general atmospheric conditions for each stability 969

regime.  Note that neutral conditions also include weakly stable and weakly convective.  I and 970

TKE are at 80 m; α is from 40m to 120 m.971

972

973

974

975

976

977

978

979

980

981

982

983

984
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Figure headings985

986

Figure 1. Illustration of the wind park and relative locations of meteorological instrumentation 987

and turbines used in this analysis. The SODAR was a roving system and SODAR1, SODAR2, 988

and SODAR3 correspond to different time periods.989

990

Figure 2. Seasonal mean (± one standard deviation) normalized power (a) and nacelle (80 m) 991

wind speed (b) for a single turbine at the wind farm.  Hub-height wind speeds during the spring 992

and summer were on average 3 m s-1 higher than during the cooler months, while normalized 993

power values were on average 30-35% greater.994

995

Figure 3. Mean diurnal normalized power at a single turbine by season shows large power996

differences at night, between spring/summer periods and winter/autumn periods, which approach 997

50%. Smaller power differences are also observed during the daytime hours.998

999

Figure 4. Mean nighttime and daytime wind speeds at 40 m, 80 m, and 120 m show a strong 1000

seasonality towards peak wind speeds in the summer and strong shear at night.  Also noticeable 1001

are wind speed differences between the SODAR (a) and meteorological tower cup anemometers 1002

(b), particularly during the daytime.  The meteorological tower is not instrumented at 120 m.1003

1004
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Figure 5. Frequency plots of nighttime/daytime wind direction for 40 m, 80 m, and 120 m wind 1005

speed during February (a-c) and July (d-f).  Nighttime wind direction is predominately from the 1006

west-southwest in both months.  During the winter, a secondary peak in daytime winds is 1007

observed from the northeasterly direction while during the summer WSW winds dominate.  Very 1008

little directional wind shear with height is evident regardless of month or time of day.1009

1010

Figure 6. Percentage of spring and summer 10-minute periods classified as stable, neutral or 1011

convective according to the stability parameters: (a) Obukhov length, (b) SODAR wind shear1012

exponent, (c) cup anemometer IU, (d) SODAR IU1, (e) SODAR IU2, and (f) SODAR turbulence 1013

kinetic energy.  I and TKE were measured at heights equivalent to hub-height, while α represents 1014

heights across the entire rotor-disk. The stability parameters with highest agreement to L are TKE1015

and SODAR IU2. 1016

1017

Figure 7. Box-plot histogram of 10-minute (a) wind shear exponent (α40_120), (b) hub-height 1018

turbulence intensity (IU2SODAR), and (c) hub-height turbulence kinetic energy (TKE) data 1019

according to z/L stability class show good agreement between the three, on-site SODAR stability 1020

parameters and the normalized Obukhov length.  The box-plot histogram shows the mean (small 1021

square), median (horizontal line), 25th and 75th percentiles (bottom and top of the box), 5th and 1022

95th percentiles (lower and upper whisker line), and 1st and 99th percentiles (x symbols).1023

1024

Figure 8. Mean diurnal plot of (a) the normalized Obukhov length, (b) wind shear exponent, (c) 1025

cup anemometer turbulence intensity, (d) SODAR turbulence intensity IU1SODAR, (e) SODAR 1026

turbulence intensity IU2SODAR, and (f) turbulence kinetic energy during the spring and summer 1027
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months.  All parameters show convective conditions during the day and stable conditions at night 1028

in agreement with z/L while α120_40, IU2SODAR, and TKE show the highest amount of diurnal 1029

variability. The gray shading represents stable conditions, x-notched shading is neutral 1030

conditions, and white shading is convective conditions according to the thresholds for each 1031

stability parameter as listed in Table 2.1032

1033

Figure 9. Mean wind speed at heights representative of the turbine rotor disk (40, 80, and 120 m) 1034

according to stability class in (a) spring and (b) summer.  The largest stability influences occur 1035

during the summer season when strongly stable and strongly convective wind speeds differ by 1036

more than 10 m s-1.  The horizontal lines show the seasonal mean wind speed at each height.1037

1038

Figure 10. Spring vertical profiles (30 m to 150 m) of SODAR (a) mean wind speed and (b) 1039

turbulence kinetic energy during strongly stable, stable, near-neutral, convective, and strongly 1040

convective conditions.  For reference, the turbine rotor disk covers heights of 40 to 120 m.  The 1041

error bars are ± one standard deviation from the mean.  Also plotted in 10a is the predicted wind 1042

speed profile (open circles) based on the 1/7th power law (α = 0.14) and the 80 m wind speed.1043

1044

Figure 11. Summer vertical profiles (30 m to 150 m) of SODAR (a) mean wind speed and (b) 1045

turbulence kinetic energy during strongly stable, stable, near-neutral, convective, and strongly 1046

convective conditions.  Also plotted in 11a is the predicted wind speed profile (open circles) 1047

based on the 1/7th power law (α = 0.14) and 80 m wind speed.  Missing data are due to poor data 1048

recovery at those heights.1049
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Tables1050

1051

Instrument Averaging 
time

Location Measurement 
height (m)

Measurement # of site 
locations

wind speed cup anemometer 10 min on-site, turbine 
nacelle hub 80 U (m/s) 6

cup anemometer 10 min on-site, 50 m 
tall tower 30, 40, 50 U (m/s)

σU (m/s) 1 array

cup anemometer 10 min on-site, 80 m 
tall tower 50, 60, 80 U (m/s)

σU (m/s) 1 array

SODAR 10 min
on-site, remote 
sensing 
platform

20-200, every 
10 m

u, v, w (m/s)
σu, σv, σw (m/s)

3 (one 
roving 
system)

3-D sonic anemometer 30 min off-site, flux 
tower 3

u(t), v(t),w(t) (m/s)
u, v, w (m/s)
u', v', w' (m/s)

1

wind 
direction

wind vane 10 min on-site, 50 m 
tall tower 47 direction (°) 1 (partially 

inactive)

wind vane 10 min on-site, 80 m 
tall tower 77 direction (°) 1(partially 

inactive)

SODAR 10 min
on-site, remote 
sensing 
platform

20-200, every 
10 m direction (°)

3 (one 
roving 
system)

3-D sonic anemometer 30 min off-site, flux 
tower 3 direction (°) 1

air 
temperature

temperature sensor 10 min on-site, 50 m 
tall tower 47 Ta (°C) 1 (partially 

inactive)

temperature sensor 10 min on-site, 80 m 
tall tower 77 Ta (°C) 1 (partially 

inactive)
Fast-response 
thermocouple,
relative humidity sensor 

30 min off-site, flux 
tower 3 θv (K)

RH (%)
1
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1060

Stability 
class

L (m)  IUcup & 
IU1SODAR 

(%)

IU2SODAR 
(%)

TKE
(m2 s-2)

Boundary layer properties

strongly 
stable

0 < L < 100 α > 0.3 IU  < 7% IU < 8% TKE < 0.4 Highest shear in swept-area, 
nocturnal LLJ may be present, little 
turbulence except just below a LLJ

stable 100 < L < 
600

0.2 < α < 
0.3

7 < IU < 
9%

8 < IU < 
10%

0.4 < TKE < 
0.7

High wind shear in swept-area, 
nocturnal LLJ may be present, little 
turbulence except just below a LLJ

neutral |L| > 600 0.1 < α < 
0.2

9 < IU < 
12%

10 < IU < 
13%

0.7 < TKE < 
1.0

Generally strongest wind speeds 
throughout the blade swept-area, 
logarithmic wind profile

convective - 600 < L < 
- 50

0.0 < α <
0.1

12 < IU < 
14%

13 < IU < 
20%

1.0 < TKE < 
1.4

Lower wind speeds, low shear in 
swept-area, high amount of 
turbulence

strongly 
convective

-50 < L < 0 α < 0.0 IU > 14% IU > 20% TKE > 1.4 Lowest wind speeds, very little 
wind shear in swept-area, highly 
turbulent 
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